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SUMMARY
N MA
DO A
. Gas phase absorption of solar radiation has been suggested as an energy source
' .
e to power space propulsion systems. The absorbing gas could be an expendable
i ; propellant or could be used in a closed cycle, exchanging heat with an
; v expendable propellant. This study was conducted in order to develop basic
';) data and understanding useful for the evaluation of such a system with the
3 '.!
:\‘ absorbing gas being a halegen or an interhalogen.
N -
"
. Three specific chemical systems were selected for study. These are Clz.

IC1, and C12 + Hz. In this latter system, the chemical energy released by
ihe photoinitiated formation of HC1 from the elements is augmented by the
radiation energy absorbed by Clz.
Experiments were conducted in which photolysis reactors were filled with the
gases over a range of pressures and flashlamps were fired, thereby exposing
the gases to a short pulse (5 us - 10 us) of intense radiation intended to
spectrally simulate the exoatmospheric solar radiation. Optical monitors
provided time dependent data on the lamp output and on the in-band absorption.

N A fast pressure transducer provided time dependent data on the pressure rise
within the closed reactors, thereby yielding information on the temperature

Ay rise and energy absorption.
Wiy
‘{i Two reactor and flashlamp confiqurations were used. The first was a cylin-
ﬁi; drical reactor with a 100 J linear flashlamp mounted on its axis. This setup
.35% provided data useful in demonstrating energy deposition and release and in
L?ﬁ : validating a radiation-kinetics-thermodynamics model. Observed pressure rise
309 was limited because of the need to include SF6 gas in the reactor to
‘é,: v alleviate an arcing problem and because of the relatively low ultraviolet
:ﬁ, output from the lamp. The second configuration employed a 9 kJ linear flash-
ot lamp and a small reactor adjacent to it which received a portion of the lamp
:." radiation. This lamp was richer in ultraviolet output and the reactor did not
:f}: need diluent or insulating gas, thus leading to higher observed pressure rises.
g
L3¢
A Pressure rise data in C12 and 1C1 corresponded to temperature increases of
.!Et over 500K. When 012 + H2 were exposed to the flashlamp radiaton,
i
~'

()
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i
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temperature rises of up to 2600K were observed. In the CI2 + H2 system,
radiation augmentation was estimated to be up to 10-15 of the chemical energy.

i
}#' An extensive kinetic rate package was assembled for the reactions studied and
' this data, together with spectroscopic data on the flashlamp and on the
;7 . absorbing gases was used as input to a Rocketdyne numerical analysis model.
g&} Correlation of data obtained with Cl2 + SF6 in the internal flashlamp
§§ configuration was quite good. Reasonable correlation of data obtained with
T Clz + H2 + SF6 was achieved after significant modifications of the rate
:? set to include chain termination by SF6 and 02. With the SF6 and some
fﬂﬁ 02 impurity, the formation of HC1 from the elements only proceeded part way
;:5 to completion, about 50% at most, and this termination was successfully
modelled numerically. i
:Ag
SJ Analysis of the data obtained with the external flashlamp arrangement was
»1‘ quite satisfactory using basic spectroscopic and thermochemical principles.
“
3); Thus, data were collected and analytical methods were developed which have

applicability to the evaluaiton of solar powered space propulsion systems
deriving all or part of their energy through gas phase absorption of solar
radiation.
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FOREWORD

The work reported here was conducted for the Air Force Rocket Propulsion
Laboratory (AFRPL) by the Rocketdyne Division of Rockwell International.
Rocketdyne received the contract for the work as a result of a proposal
submitted in response to an AFRPL Program Research and Development announce-
ment (PRDA AFRPLB4-02: Configuration Energy Source). Rocketdyne's project
team included the following individuals:

Dr.

Stephen Hurlock

Principal Investigator

Dr. Victor Quan - Analysis and Modeling

Dr. Jay Blauer - Chemical Kinetics

Mr. James Hall - Pulsed Power and High Voltage Engineering
Dr. Ross Wagner - Chemistry

Mr. Richard Wilson - Chemistry
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In addition, Messrs. Les Rogers and Tom Marks ably assembled and installed the
experimental apparatus and assisted in the testing.

The program benefitted from consultation by Dr. Robert Hanrahan of Solar
Reactor Space and Defense Technologies, Inc. (SRT) of Miami, Florida. SRT
also provided their 100 Joule flashlamp photolysis equipment of use in the
test program.

lhe encouragemenl and supporti provided by Dr. Stephen Rodgers, the AFRPL
Program Manager, was especially helpful in the conduct and completion of the
program.
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. INTRODUCT 1ON
Wi
;?}; Space propulsion systems currently in use or planned typically operate by

%.;f expelling high velocity exhaust to provide thrust. The kinetic energy of the
T exhaust derives from potential energy which is stored in the payload as

%xit pressurization or as chemical energy in energetic propellants. 1t is

xtk: appealing to consider advanced space propulsion systems in which all or part
i:ﬁ; of the kinetic energy of the exhaust is provided through the absorption of

:*) solar radiation by the propellants.

¥ ~
tfgg Advanced space propulsion systems based on these concepts must be evaluated in
“52& terms of their performance relative to conventional systems. Evaluations of

’ this type have identified long-duration, low-thrust missions such as station
.:r. i keeping and attitude control as potentially attractive applications for

i:i: advanced propulsion systems deriving enérgy from radiation absorption. One
ft;g approach to converting radiation to kinetic energy, which is the approach

-}él addressed by this study, is to use propellants which undergo a chemical change
AR upon irradiation. The radiant energy is thus deposited into ihe propellant as
ifi; the heat of formation of the new species. This energy is subsequently

:;f recovered and converted 1o thrust. 1In some systems the absorbed radiation may
\x;i' be the total energy available while in other systems it may augmeni chemically
‘¢\¢, slored energy.

p :% Figure 1 shows a very simplified schematic diagram for a propulsion system

o based on these ideas. The system shown includes a fluid flow loop with

o components for absorbing solar radiation, for transfering the energy to an

S expendable propellant, for reconditioning the working fluid, and for pumping
it around the loop. The sketch implies a closed loop for the fluid which

jg;% - interacts with the solar radiation and a separate flow system for the expen -
.> dable propellant, although variations on this scheme could alsoc be considered.
) Furthermore, the source of energy for the working fluid conditioner and pump

is not identified bult a number of concepts could be considered, including
tapping some of the energy out of the energy transfer device. It should be
emphasized that the system shown here differs generically from the solar
dynamic cycles, such as are being considered for Space Station power (Ref. 1)
or from solar heated thruster concepts (Ref. 2) in that all or part of the
energy added to the working fluid is directly absorbed via an overlap between
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the solar spectrum and the absorption spectrum of one or more components of
the working fluid. The work reported here was conducted in order to assist in
the evaluation of solar powered propulsion systems of the general type shown.

BACKGROUND

Solar Radiation

The spectrum of the solar radiation outside the earth's atmosphere closely
resembles a 5900K blackbody spectrum (Ref.3 pp 3-34 to 3-29). The actual
solar spectral irradiance outside the atmosphere is well represented by a
standard curve proposed the Thekakara (Ref.4) and shown in Fig. 2. The
coordinates for this curve are tabulated in Ref. 3 and 4 at 0.005 and 0.010
um intervals and these have been used for all solar spectrum calculations
discussed here. The spectral irradiance integrated over wavelength yields the
total exoatmospheric solar irradiance of 1353 N/mz.

Halogens as Solar Radiation_Absorbers

When gas phase or volatile compounds are surveyed for photochemical activity
induced by solar radiation, the halogens and their compounds show up clearly
as candidates. The diatomic halogens Clz, Brz. and 12 have relatively

broad absorptions peaking at about 330, 410, and 490 nm, respectively (Ref. 5).
These are shown in Figure 3. The quantum yield for production of atoms from
these molecules is essentially one from 250 to 500 nm, falling to about 0.5
for l2 from 500 to 600 nm (Ref. 6 pp 184-192). This leads to the potential
for these molecules, taken in combination, to convert approximately 30% of the
solar radiant energy into the heat of formation of ground state or excited
atoms. When diatomic interhalogens (Figure 4) are considered, the absorption
range is extended to beyond 600 nm (Ref. 7) and the solar absorption
efficiency to above 35%. There are other more complex halogen-containing
molecules, perfluoroakyliodides for example, whose photochemistry is well
known from flash pumped laser research (Ref. 8). Molecules in this category
were not considered as candidate absorbers because of potential difficulties
associated with byproduct formation.

Table 1 lists some information on the halogens and interhalogens relevant to
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" their consideration as potential solar absorbers. This includes the photo-
&ﬁf dissociation reaction, the wavelength range absorbed, the wavelength of the
' A peak absorption, and the percentage overlap of the absorption spectrum with
'sué; the solar radiation spectrum. In addition, the energy absorbed per mole of
B reaction at the peak absorption wavelength is given. This quantity is a

;;3 measure of the energy absorbing capacity of the halogen, on a molar basis.
.2?; Further data, relevant to solar energy deposition consideration, is given in
‘ 1 Table 2.

)

:*f‘ Recovery of Deposited Energy

w4

W There are a number of ways of recovering the energy deposited in halogens by
i the photolysis. Two recovery paths were explicitly considered in this study.
inde Irradiation produces halogen atoms according to the reactions of Table 1 and
’ii?} also excited molecules when the photolysis yield is less than 1. The atoms
\gég are typically hot. For example, the peak of the Cl2 absorption at 330 nm

?Er provides 86.64 kcal per g mol of 612 dissociated: this is 28.79 kcal more

than the bond energy. The first recovery path considered involves systems
containing only halogens. After thermalization of the hot atoms, recombina-
tion is induced through three-body or wall-catalyzed recombination reactions.
o In the case of pure halogens, the parent molecules will be formed. 1In the
case of interhalogens, products will be pure halogens and diatomic inter-

L3

‘?{: halogens. Formation of more complex interhalogens has been assumed negligible
%%s in this study. The diatomic products will then thermalize. Thus the total
;F‘; photodeposited energy will be recovered as a temperature and pressures rise in
;%L the gas. Radiation losses in this type of system have been assumed negligible,
§:§ but can be treated using a thermal radiation feature of the numerical model.
p l >
'fzg The second recovery path involves the addition of a fuel, with hydrogen added
@ to chlorine being the example considered here. The final temperature and
ijsg pressure of the product gas in this case is a result of thermalization of
*}:j photo-deposited energy plus the chemical energy provided by the formation of
‘:izi HC1 from the elements.

L

;;}Q The well-known exothermic reaction between elemental hydrogen and chlorine
.ﬁﬁ; yields 44.15 kcal/g mol of CIZ upon weak photoinitiation. This energy is

;ﬁ; augmented by up to 86.64 cal/g mol of c12, for complete photodissociation to
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hot ground-state atoms. Thus, this approach yields up to 130.78 kcal/g mol of
C12 dissociated in comparison with the 86.64 kcal/g mol of C12 which would
be available with no hydrogen present or the 44.15 kcal/g mol which is avail-
able with weak photoinitiation. This leads to higher temperature product
gases at the cost of added complexity and lower loop efficiency for subsequent

dissociation of the HC1 back to H2 and Clz. The situation is shown graphi-
cally in Fiqure 5. The volumetric energy release is plotted vs the wavenumber

(and wavelength) for the three situations just discussed. At room temperature,
the bond energy for C12 corresponds to 20000 cm—] (500nm). Below this
energy, the photoinitiated H2 + C]2 reaction does not occur. When the
chain reaction is weakly initiated, a negligible amount of radiation energy is
deposited and the resulting energy release is independent of the wavenumber,

s shown in the lower curve. The energy deposited in C12 depends on the
wavenumber as shown by the middle curve, which is for completely dissociated

C1.. When completely dissociated C12 is reacted with H,, the resulting

2 20
enerqgy release is as shown by the top curve, which is the sum of the other
two. The curve for energy release from an interhalogen would be similar to

the Cl2 curve shown.
0BJECTLVES AND SCOPE

The objective of the work reported here was to develop data and analysis for
use in evaluating the feasibility of space propulsion systems, such as the one
shown earlier in Fiqgure 1, in which solar energy is absorbed via photochemical
reactions and ultimately converted to kinetic energy of the exhaust. In
particular, data and analysis were desired so that the solar energy deposition
and subsequent thermalization could be characterized. Development and evalua-
tion of detailed schemes for implementing the generic concept shown in Figure
1 were not included.

The class of absorbers included in the present study included only halogens.
Three categories of working fluids were considered: (1) pure halogens,

(2) mixed halogens and (3) halogens plus fuels. Of course, in an actual
system, inert diluents might be added to any of these. 1lhree particular
halogen -containing systems were identified for study: (1) chlorine gas,

(2) iodine monochloride vapor, and (3) chlorine gas plus hydrogen gas. 1In the
first two systems, the energy released originates only from the solar energy
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ahsorbed. 1In the third system, the energy released originates from the solar

Kot energy absorbed plus the energy associated with the heat of formation of HC1.
l:k} This latter chemical system had been discussed previously in the context of

H ‘-\. s

] \2 its utility for solar conversion (Refs. 9-13), but we were unable to find

NG

previous reference to the first two chemical systems.

O

‘.if APPROACH

e

?i; The technical approach which was developed for meeting the objectives included

B experiments and analysis. Single shot flash photolysis experiments were

Eﬂﬁ selected because of their relative simplicity and the ability to address the

‘;2§ full volume of a reaclor which is large enough to make wall effectls relatively 1

™ unimportant. Also important was the consideration that xenon flashlamps,

- which were selected, provide a good simulation of the solar spectrum, espe- 1
;;&? cially when the lamps are operated at high power. Figure 6 shows that the

Ei: comparison for a lamp fired at 5kJ, 0.75msec is quite good.

o

. A variety of methods was used in the interpretation and analysis of

;Et% experimental results. However, the most detailed understanding of the

.ii: chemistry and physics of the energy deposition and subsequent reactions was

"j“‘ provided by a Rocketdyne model designated as Radiation Kinetics Mixing Model

(RKM). The model was used in the time domain to simulate the flash photolysis

?2% experiment. The quality of the correlation between the data and computations

zi was quite good in most cases and validated the detailed understanding of the

.¥;$ basic phenomena. The model can be operated in the space domain to predict
C:? results from a flowing solar reactor but this was not done in this study.
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EXPERIMENTAL DESCRIPTION

The experimenls which were conducted involved tilling a «ylindrical cell with
various mixtures of He, SFb’ 1C1, 012 and H2 and then exposing the

contents to the light pulse from a xenon flashlamp. The principal independent
variables were geometry, composition of the gas fill, and fiashlamp

intensity. The principal dependent variables (observables) were all recorded
as functions of time. They were lamp discharge voltage, lamp discharge
current, transmitted photon flux in two wavelength bands, and pressure rise in
the cell. The experimental arrangement is shown schematically in Fiqure 7.

The experiments were conducted at the Rocketdyne Santa Susana Field Labora-
tories (SSFL) in the Chemical Physics Laboratory (Building 315). Three
outdoor test cells and a control station inside the blockhouse were used, as
shown in Figure 8. Cell 3 contained all of the gas cylinders. The rest of
the gas handling system, the flashlamp, and the photolysis cell were in cell
2. The cold traps and vacuum pump were in cell 1. A1l of the remote control
equipment and the data acquisition were in the blockhouse.

The apparatus which was used to accomplish each of the functions illustrated
in Fiqure 7 typically evolved during the program in response to perceived
deficiencies or ideas for improvement. In the following paragraphs, the
apparatus is described according to the functions shown in the boxes of
Figure 7. Only configurations which produced useful data, presented later,
are described.

GAS HANDLING SYSTEM

The gas handling system was a vacuum line with monel, stainless steel, glass,

and Teflon components. The system is shown in detail in the flow schematic of
Figure 3. Components are identified in Table 3. Operation of the system was

quite straightforward. After evacuation of the system, the run tanks (11 and

X 10% Cl2

10% H2 in He, He, or SF_. H_ and CI1, were never mixed in

T2 in Figure 9) were filled to the appropriate pressures of Cl
in He, H2, 6 2 2
this operation. This filling was accomplished with one operator at the

cylinders in cell 3 (Ref. Figures 8, 9) and one operator at the Switch Pane!

in the blockhouse (Ref. Fiqure 8). The operators were in headset communi -

14
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2; TABLE 3.
Z GAS HANDLING SYSTEM COMPONENT LIST
J N
L
Call
jil Out Name Description/Type
;ﬁf (Ref.
b Fig. 9) .
t . E
o 1
il GAS BOTTLES
:;I.
1":: PR . - - - .- e - - - - Crm e e m e moaa -- - - - -
Q&' Bl Chlorine in helium bottle B-size, 10% C1p in He, maximum
pressure = 718 psi

'l
1 B1.A Chlorine bottle Size 3, 15 1b liquid Cl,, vapor
:.] pressure 85.3 psig @ 70 F

o
i .
i B2 Helium bottle K-size, maximum pressure = 2400 psi ]
L J
i B3 Hydrogen in helium bottle B-size, 10% Hp in He, maximum
';i pressure = 700 psi

Ei B3.A Hydrogen bottle Size 1A, Gaseous Hp, 80O psi

' BA Sulfur hexafluoride Bottle Size 1A, liquid SFg, vapor
R pressure 320 PSIG @ 70 F

{2 REGUL A OKS

N R Cnlorine in Helium regulator 2-stage Matheson H15C Monel '
)
e RY.A Chlorine regulator 2-stage Matheson H15C Monel
L
‘o R? Helium regulator 2-stage Matheson 3104

[

R R3 Hydrogen in Helium regulator 2-stage Matheson 3104
155
b R3.A Hydrogen regulator 2-stage Matheson 3104
284
‘Z R4 Sulfur hexafluoride requlator 2-stage Matheson 9-950 {
v .
ﬂ1 VALVES i
- , i
".: i
X vl Chlorine in Helium Hand operated ;
¢ bottle valve
2
:; V1.A Chlorine bottle valve Hand operated
h
<
o

o 18 ;
4:
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VALVES (continued)

V2
V3
V3.A

v4

V4_.A
V5

V6

V6.A
Q1

C1.A
C-2
€-3
C-3.A
C4

Vi
v8

V9

V10

Vil

LAV

Vi3

Vi4

Helium bottle valve
Hydrogen in Helium bottle valve
Hydrogen bottle valve

Chlorine in Helium shut
of f valve

Chlorine shut off valve
Helium shut off valve

Hydrogen in Helium shut
of f valve

Hydrogen shut off valve

Chlorine in Helium check
valve

Chiorine Check Vvalve

Helium Check valve

Hydrogen in Helium check valve
Hydrogen Check Valve

Surflur hexafluoride
check valve

Chlorine purge
Hydrogen purge

Chlorine fill valve
(normally closed)

Hydrogen fill valve
(normally closed)

Chlorine run valve
(normally closed)

Hydrogen run valve
(normally closed)

Chlorine Throttle valve

Hydrogen throttle valve

19
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Hand operated
Hand operated
Hand operated

Hand operated, Monel

Hand operated, Monel
Hand operated, stainless

Hand operated, stainless

Hand operated, stainless

A11 stainless

A11 stainless
A1} stainless
A1l stainless
A1l stainless

A1)l Stainless

Hand operated, stainless
Hand operated, stainless

Air operated, stainless/Teflon

Air operated, stainless/Teflon

Air operated, stainless/Tefion

Air operated, stainless/Teflon

Hand operated, stainless (9 turns)

Hand operated, stainless (9 turns)
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VALVES (continued)

P3

V15 Bomb valve
(normally closed)

V16 Vacuum valve
(normally closed)

V11 Pump valve

V18 Bleed valve

V19 Chlorine requlator
purge valve

V20 Chlorine regulator vent
valve

v21 Chlorine isolation valve

V22 IC1 Fill valve
(normally closed)

V23 Transducer inlet valve

V24 Transducer bypass valve

V25 IC1 Shut-off valve

V26 Reference vacuum valve

vel Pump bleed valve

ves Sulfur hexafluoride bottle
valve

V29 Sulfur hexafluoride shut
off valve

INSTRUMENTS

Pl Chlorine fill pressure

P2 Hydrogen fill pressure

Bomb load pressure

------------

Air operated, stainless/Teflon

Air operated, stainless/Teflon

Hand
Hand

Hand

Hand

Hand

operated, stainless
operated, stainless

operated, monel

operated, monel

operated, monel

Air operated, stainless/Teflon

Hand
Hand
Hand
Hand
Hand

Hand

Hand

operated, stainless
operated, stainless
operated, glass/Teflon
operated, stainless
operated, stainless

operated

operated

Heise 0-30 psig, read through
blockhouse window

Heise 0-60 psig, read through
blockhouse window

Heise 0 50 psia, read through
blockhouse window




INSTRUMENTS (continued)

P4 Reference pump vacuum gauge Hastings thermocouple gauge,
read out unit at pump

PS System vacuur ;cuge Hastings thermocouple gauge,
readout unit in blockhouse

! ? P6 1CY1 fil1l pressure Validyne reluctance manomater
- Model DP15-43, readout unit viewed
through blockhouse window

{xﬁ L9 Mixer temperature C.A. thermocouple, readout in
G blockhouse

e 1C2 Photolysis reactor temperature C.A. Thermocouple readout in
R blockhouse

XD1 Transducer, measure cell Model S-102A15 Quartz Transducer
pressure increase after PCB Piezotronics
Py flashlamp discharge
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cation with the blockhouse operator able to view gauges indicating pressures
P1, P2, P3, and P5.

The gases in the run tanks were then admitted to the photolysis cell by remote
operation of valves V-11, v-12, V-15, and V-16. Control of the flow to the
cell was accompliished by presetting the throttiing valves V13 and V14. Back-
ground pressures of less than 50 m torr were achieved in all parts of the

systems except the C12 run tank T], which could be pumped to only about
300 m torr. The pressure gauges P1, P2, and P3 were Bourdon-tube type gauges

manufactured by Heise. The had either 0.1 or 0.2 lb/in2 scale divisions.

The gauge used to read P3, the photolysis cell, was of the absolute pressure
type and had 0.2 lb/in2 divisions but could easily read to 0.1 1b/1n2.

The zero was set daily and an error of < 1.5% (actual - reading) was typically
observed at the local atmospheric pressure of about 13.7 lb/inz.

There was no attempt made to correct the pressure readings in presenting or
interpreting the data. Based on this, it was possible to add gas to the cell
with uncertainties on the initial and final pressure readings of < 5 torr and
an absolute error on the initial and final pressure of about 1.5%.

PHOTOLYSIS CELL

Two different photolysis cells were used during the program, in connection
with the two flashlamp systems which were used. In the first, the flashlamp
was internal to the cell while the second was placed adjacent to the
flashlamp. Both cells were cylindrical in shape and of stainless steel
construction.

Internal Lamp Confiquration

The final confiqguration of this cell is shown in Figure 10. The body of the
cell and the endcap on the ground end were of stainless steel construction.
The endcap on the high voltage end was made of Teflon and was grooved on its
inner surface to alleviate a discharge problem noted along a smooth Teflon
surface. Viton 0-rings were used on sealing surfaces. The lamp electrodes
were pressed into stainless steel clips which were threaded onto stainless
steel rods for electrical connection. One port was provided for evacuation

22
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and f111 as shown. Two other ports were used for optical access and a fourth
port was used for the pressure transducer. The total volume of the cylindrical
portion of this cell was 731 cma. Other volume factors included the flash-
lamp at about 5.5 cm3, and the ports and fill system volume between the cell
and last valve seat, estimated at 20-25 cms. The dimensions of the lamp
capillary were 12.7 ¢cm long, 0.3 ¢cm 1.D., 0.7 cm, 0.D. Thus, the cylindrical
area over which light was admitted to the cell volume at the flashlamp outer

surface was 4.9 cmz.

External Lamp Confiquration

The final configuration of this cell is shown in Figure 11. The cell was con-
structed of heavy wall stainless steel with Suprasil windows cemented on the
ends with silicone rubber cement (Red RTV). There were two holes through the
cell sidewall as shown; one for an insulated pressure transducer, and one for
connection to the gas handling system. The volume of this cell was 64.1 cm3.
The volume of the delivery line from the cell to the seat of the last valve

was estimated to be less than 3 cm3. The area of the window was 6.4 cm2.

CELL AND LAMP DIAGNOSTICS AND DATA SYSTEM

In order to characterize the deposition of flashlamp energy into the gas in
the photolysis cell and the subsequent thermalization of that energy, certain
time dependent measurements were made. These are discussed in the following
paragraphs.

Voltage and Current Measurements

The voltage waveform across the small flashlamp was measured by measuring the
voltage across a 2000:1 high voltage probe which was connected in parallel
with the lamp. The probe was a LANL design rated to 100kV. Although the
2000:1 ratio was verified using lower DC voltages, it was not checked up to
10kV on this program. Therefore, it is possible that discrepancies noted
between observed voltage peaks and capacitor charging voltages at 10 kV could
be attributed to this probe. These discrepancies are discussed later under
small flashlamp system electrical characterization.
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Current through the lamp was measured by observing the waveform output from a
100 A/V current transformer manufacturer by Pearson Instruments. The trans
former was mounted around the lamp high voltage electrode on the outside of
the photolysis reactor. A 10X attenuator was used on the signa! prior to
input to the data system.

The voltage waveform across the large flashlamp was measured by recording the
output from a 895:1 voltage probe provided by the vendor. Current measurements

were not recorded with this system.

Optical Measurements

Two optical channels provided time-dependent waveforms of the flashlamp pulse
in two wavelength bands. Each channel consisted of a quartz fiber bundle with
one end collecting flashlamp radiation after passage through the reactor
volume. The fibers transmitted the 1ight into the control station and onto
silicon photodiode detectors. Interference filters at the detector end were
selected to pass light near the maximum of the halogen absorption (N =334 nm
for C12 and X - 500 nm for IC1) for one channel and to pass light beyond

the absorption (N > 550 nm for C12 and N\ = 650 nm for IC1) for the other.
Neutral density filters (N.D. = 3.0), were installed on the long wave pass
channel to avoid detector saturation when the N\ >550 nm filter was used.

The systems are shown schematically in Figures 12 and 13. Optical filter
characteristics are shown in Figures 14 - 17. Spectral response of the
detectors, designated as UV enhanced, is shown in Figure 18. The detectors
were used with either the 3 K Q or 10 K Q feedback resistor. It was veri-
fied using pulsed LED inputs that the detector rise and fall time were well
under Tus.

Pressure Measurements

Dynamic pressure rise in the photolysis cell following flashlamp discharge was
monitored using a Model S-102A15 quartz transducer manufactured by PCB Piezo-
tronics. The unit had a natural frequency of 425 kHz, a rise time of lus,

an average response of 23.1 mV/psi and a linearity of < 1% of full scale
(100psi full scale). The linearity, based on the calibration data provided,
was much better than that. Calibration was provided at 2 psi intervals to 10
psi and at 20 psi intervals to 100 psi.
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Difficulties were encountered with electrical and thermal interferances. The
electrical problems were alleviated by mounting the transducer in a nylon
bushing instead of in the steel reactor, as shown earlier in Figure 11. The
thermal problem was alleviated by covering the stainless steel transducer
diaphragm with Teflon tape, thereby providing thermal insulation which held
off the thermal shock until after the critical pressure rise data was

collected.

Data Acquisition System

Time dependent signals were recorded using a Model 4094 four channel digital
recording oscilloscope manufactured by Nicolet. Data rates up to 0.5us per
point on all four channels were available. A Model XF-44 dual-drive floppy
diskette recorder was available for recording the data from each test.

FLASHLAMP DRIVER AND FLASHLAMP

Two different xenon flashlamp systems were used in this program. The first
was based on a small flashlamp mounted inside a cylindrical cell, as shown
earlier in Figure 10. The second system was based on a larger flashlamp which
was placed adjacent to the cell shown in Figure 11.

small Flashlamp System (5100 J Discharge)

The driver for this system was a Model 457 A Micropulser manufactured by the
Xenon Corporation. This unit was equipped with capacitors of 0.5 uF and 2
nt which could be charged up to 10kv, thus providing up to 100J of discharge

energy.

The flashlamps were also manufactured by Xenon and carried the designation
S-1084. The capillary section of the lamp was 12.6 cm long x 7mm 0.D.

(3nm 1.D0.). The flashlamps were filled with xenon to a pressure of 300 torr.
The system was modified as follows to accommodate operational and performance

requirements of the experiments.

1. Remote operation of the high voltage on-off function was added to

satisfy some procedural requirements.
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§ 2. A remote trigger switch circuit with a synchronizing pulse output

3 was added to reduce time delay jitter, eliminate switch bounce
effects, and reduce electrical interference carried by the synch

pulse.
3 3. A capacitor of 200 nF was instalied across the flashlamp to provide
: a higher voltage peak at the beginning of the discharge to improve
; lamp ignition. A 500 Q bleed resistor was installed across this
) capacitor.

4. The braided cable on the ground return from the lamp was replaced
with 2" wide copper sheet in an attempt to narrow the discharge
waveform.

g

~

A trigger wire was installed for all of the lamp firings made with the 100 J
flashlamp system. Several hundred lamp firings were recorded with thi-
system, more than half of them at 100 J. Reproducibility of the electrical

‘ and optical characteristics was quite good, with no lamp failures encountered.
The overall experimental arrangement for the experiments conducted with this

- o > e o

A
. system is shown in Figure 19.
Sy
Large Flashlamp System
: The large flashlamp system was manufactured to Rocketdyne specifications by
[)
: the Pulsar Products Division of Physics International Corporation. The
: flashlamps were designated as Model L-4258 and were manufactured by ILC
; Technology Inc. These lamps were filled with 30 torr of xenon, had an 0.0. of
1,
: 24mm, an 1.0. of 19mm, and an electrode spacing of 100 cm. The overall
. experimental arrangement for the experiments conducted with this sytem is
A shown in Figure 20. |
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OBSERVATIONAL RESULTS
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This section of the report is a presentation and discussion of the experi-

Z

PP
’ -...

mental results which were obtained during the program. The discussion
includes estimates and comments on the quality of the raw data and methods

S used to reduce the data to physical observables. The discussion begins with a
ot
&zj} characterization of the operation and performance of the flashlamps. Then
Qh : enerqy deposition and release results are presented.
2Ty
)
‘Vg FLASHLAMP CHARACTERLZATION
!'c‘:'v
Qﬁ*
4
;k?‘ Electrical Enerqy Deposition in the Small Flashlamp System
R
foa A1l of the small flashlamp system testing discussed in this report was done
54{3 with a 2 uF capacitor installed in the Xenon Corporation Model 457A
-#ﬁ Micropulser. Front panel meter voltage settings of 5000, 7000, or 10000 V
]
:%_~ were used, giving nominal discharge energies (1/2 CVZ) of 25J, 49J, and
o 100J. Early in the testing, difficulties were encountered in obtaining
{;l reliable lamp firings due to shorting or arcing inside of the photolysis
\4;: reactor. A number of steps were taken to alleviate this problem, including
O
P the addition of SF6 to the gas fill. It was discovered that at teast 100
B torr of SF6 was needed to suppress the unwanted arcing. Therefore, all
M
gas. tests reported with this system included 100 torr or more of SF6 in the
ﬁp& photolysis reactor. The role of this gas as a heat sink and kinetics
0
éf participant was not particularly desirable and moderated observed pressure
~ rises through both kinetic and thermal effects, as discussed later. However,
'u vg"
,:;x its role as an arc suppressor was very beneficial.
‘ ,(4::.(
b {{;‘h
r.i Figure 21 shows the recorded current and voltage waveforms for a 10000V lamp
4.0
L discharge with a 16 psia fill of SF6 in the cell. Also shown is the integral
Y
-§$§ of V(t).I1(t)dt performed by the Nicolet.(a) The spike on the front of the
l'::g:..
W
}
s . ) s
(;; (@) NOIE FOR INTERPREIATION OF GRAPH SYMBOLS
h 'L.- J’
L d THe Nicolet Digital Oscilloscope and the associated Hewlett -Packard x-y
:‘:j Digital Plotter were used regularly in recording, manipulating, and displaying
v fi‘ the experimental data. The graphs produced by this data system are used
N 3
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voltage waveform is caused by the peaking capacitor discussed earlier. This
spike contributes very little energy but helps to initiate lamp firing.

The waveforms for 5 kV and 7 kV runs are similar but distinctive, as may be
seen from the examples in tigures 22 and 23. Tlhe principal effects on the V
and 1 waveforms of increasing the voltage and energy of the discharge are to
narrow the waveforms and to move the peaks to earlier times, with the larger

effect being seen between 5 kV and 7 kV.

Several aspects of the electrical energy deposition performance are plotted in
Figure 24, which is a composite of data from 35 runs made on December 12,
1984. The parameters plotted are the peak values of lamp current and voltage,
the value of the leading voltage spike, and the time integral of the voltage-
current product, which is the energy deposited. Also plotted for comparison
are the set voltage from the Micropulser panel meter and the stored energy,
1/2 cvz. based on this value. Data for each parameter are plotted as a
maximum, minimum, and average from the runs for each voltage setting, with 11
runs at 5 kV, 8 runs and / kV, and 16 runs at 10 kV being included.

(a) (footnote cont'd.)...frequently in this report. This note is intended to
facilitate reading these graphs. Four plots can be made per graph and the

four boxes on the right of the graph provide relevant information. The right
hand edge of each box shows the type of line used to plot the parameter, with
scaling information given by the lettering inside each box as follows:

v/0 is the volts/division on the vertical axis (normally a
calibration factor is then required to convert to engineering
units)

Vy is the voltage value assigned to the central tick on the vertical
axis T

1/0 is the time in seconds per division along the horizontal axis

1L is the absolute time value assigned to the left hand end of the
time axis

Vx has no meaning in a plot of a waveform vs time.
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The groupings for each parameter at each voltage are very satisfying. A
larger spread noted for VSPIKE at 10 kV is caused by the fact that the spike
narrows at this voltage and the 0.5 us data sampling rate does not always
catch the peak.

VPEAK is about 80% of VSEI at 5kV and about 102% of it a 10 kv. Although

the VPEAK measured across the lamp is expected to be slightly less than the
capacitor charging voltage, the large deviation between the two voltages
represents a discripancy. Both the front panel meter and the LANL high
voltage probe are inherently more accurate than the observed deviaitons. 1t
is belijeved that the v(t) data was influenced by residual ground loop problems
which were quite serious with this system and which had been reduced but not
completely eliminated. The problems would be expected to be more serious at

higher discharge energies

1t should be noted that the data grouping shown in Figure 24 is for conditions

ranging from 16 psia of SF_ to 4 psia of SF6 plus 2 psia of 10% Cl2 in

6
He. For a given voltage, with SF6 in the fill, the waveforms are nearly
identical for all gas fills. Figqure 25 shows current and voltage waveforms at
10 kV for the extreme SF6 containing has fills just noted. 1t may be seen

that the reproducibility is excellent.

Optical Characteristics of the Small Flashlamp System

In this section, the spectral and temporal characteristics of the flashlamp
light output are discussed. The observations are based on time dependent data
collected using the two optical channels discussed earlier. Only the 334nm
bandpass filter (Figure 14) and the 550 nm long wavepass filter (Figure 15)
were used with the small flashlamp. Figure 26 shows the output from these two
channels together with the voltage and curreni waveforms. The optical channel
signals are designated ¢330(t) and ¢pr(t). Measurement of these

waveforms shows widths (FWHM) of 5.8us for the current, 6.6 us for the UV
radiation, and 8.0us for the visible and near IR radiation. The time-depen
dent inteqrals for electrical enerqy deposited into the lamp and UV and
visible light out are compared in fFigure 27. Both the UV and the longer
wavelenglh light continue to be emitted after the electrical energy deposition
is complete, with the long wavelength light persisting the longest. The

A4

S T AT IEINS I I P PN A SN ST ; e e e e
X ":,jz”z"-;!-.tz -,.‘fﬁ‘:'\-,:? TS ) e N 3% ~ R R I AR N




.Qum Yitm S|p1) seb Jusus yip 104 Swiojarem jo Al}1]1Qqionpoaday gz Lanbp4

L al SR 2 e

L segeer | . o . M '
i 99267t O/1

()14 coppapzy 1 40 - .
_ / =14 }/

tice | @*28°S 0/A 7

D et u {
| 9-9P6°E 0/1 \ i
(30§ gesemsssT 4h \ /
Uz ' pems2*1 0/ \ \

. iU \ f

(1)1 ;. 1epgggsey 1 4AA /

Mol A 0t iabuaeyp

a4 ut 13 2py eisd g <I4s eisd p - 945 eisd gy - Tl
/12 2/ Tuny

¥8/21/21 s9/z1/zl 1318Q

na..- ..- . .-.»J

A IR, ﬂs.h...ﬁ‘s x.»..w fx....a . Mn\.,
, I\ -N\nn 4-!-..




- T W T TE TeTRe e e s 0 7

T19QJOSqe Ou Yitm abieydsip

dwe| A4 OL © 30 Sd13sida3dedeyd |[edj3do pue [BD14329|3 g7 34nbig

7 it
| g-25°2- L _ N | ﬁ
m 8-2926 'S 0/1
(M1 “ 1285219511 AA )
w 8°28°5 0/A ——aee ]
| g-3c2- 1
i 9-2926 't 0/l
LY R
w 22052 "1 0/A
| §-35'2- i 2
<t
ot | 9-8028°c 0/1
(3) w
L 2-euas2zR ¢y AN ”
| 2-°28@5°2 /A N \_ [ e
M . , [ a
/ 9-5'2- L \ y : b
o o e / w. \ i v -u-m
§-2G26 ¢ G/1 \ \ b s
Av vn_z._% N o - .\..H
2-29205v7 6 AA AN o ”

Z2-°p2°S U/A

/

{
s
e ‘
N

-

»

.
8 Y

A OL 9NILLIS 39¢L10A
94s eisd 9p 17714

2/t NNy

S8/LL/€  :3LYQ

>
o

PR

N33

~
%

R

m
“n

q...fﬂ(l\,\-ﬂ » » . - -c ) mvxra\\.!v‘.c-:\-
SOy AR ..‘vxxxu.\\..\

'n

Y ﬂ\.{?




l

~d9qJosqe ou
4lim abdeydsip AY 0Ol 403 s|eabaju) [ed13do pue [ed214399(3 [z @4nbiy

*A

'R B W WA TRy TEe TN

I
“ | e
1 \ \\ I‘\ e et
_ “ \v\ /
| g-3c°z- 11 M \“V / |
| 9-°gp6°E 0/l , Y /
w1 ¢ aciparig 4l | /S .
_ ' s/ \
M 1-%995 *2 /A _ o
” 9-35°2- i | A / i
i g-egps°E C/L | 7S /
. P®BROSEEG 2 AA - e J
2°082 "1 O/A - e /
- / ;
e-°s2- | _ .|l e — %
06=) §-3896 € C/1 -
(3N - i
22299 'y A\
2°008°1 C/A
A Ol S9ONILL3IS 39¥L70A
945 etsd 91 7114
2/1 NNY
sg/LL/c  :3L1va

47




Pled S S

behavior observed for the UV light was in contradiction to expectations

) expressed by lamp vendors and their brochures. There was some concern that
ES*E the waveforms were being filtered by the photodiode circuits. Tests using
Gl pulsed LEDs as sources showed that the rise and fall times of the output
SO signals were well under one microsecond, thereby alleviating the concerns and
' - leading to the conclusion that the waveforms accurately represent the 1ight
,t?: output. Reproducibility of the 1ight output in the two channels was quite
;S;: good, as ay be seen from the waveforms shown in Figure 28.
22
- As expected, the light output variation with electrical energy input was not
;{%j the same for the UV as it was for the longer waveiength radiation. This is
Qe shown graphically in Figure 29. Time integrated output signals are plotted vs
’.;% the voltage setting for ¢LNP and for 0330. The ratio of these quantities is
also plotted. As the discharge electrical energy increases by a factor of 4
jff (from 1/2 CV2 = 25 to 100 J), the long wavelength 1ight output increases by
Cﬁij a factar of 2.8 while the light output near 330nm increases by a factor of

éﬁ}; about 7.5.

L ]
jé?? Electrical Enerqgy Deposition in the Large Flashlamp System
R - .)-.:
P :'f. .
ilrl A11 tests done with this system were conducted with the 29ufF capacitor
‘v 2 . .
charged to near 25kV (1/2CV . 9kJ). A current monitor was not available
’ "4 so that the actual energy of the discharge could not be measured. The voltage
135 as determined from the signal out of the 895:1 voltage probe provided inside
“«;: the unit was in excellent agreement with the charging voltage. The waveform
N

of the discharge voltage at a charging voltage of 25 kV had a width (FWHM) of

..x 9.5 us.

s

1122 Optical Characteristics of the Large Flashlamp System

ot

e Figure 30 shows the waveforms for the discharge voltage; the long wavelength
light, ¢pr; and the ultraviolet light, 0330. The width of ¢330 is 16 us

while the width of ¢pr is 22.5 us. Both the UV and the long wavelength light

A appear to rise at ahout the same rate but the longer wave- lTength light takes

g
o

longer to decay. The large flashlamp system provided significantly more short
wavelength light, as illustrated hy Table 4.
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Figure 29. Lamp optical characteristics.
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':;; Table 4. FLASHLAMP SPECTRAL COMPARISON

BX

13§; Lamp, Voltage 0330/ wpld)

15

SN

o small, 5 kv 0.064

;‘]' Small, 7 kv 0.044

3 small, 10 kv 0.18

gféi Large, 25 kV 1.13

%f: (a) This is a ratio of detector signals under the same conditions of

5:\ attenuation and filtering, not a ratio of optical fluxes.

::.:‘5

LE Behavior of the lamp over time had a variation as shown in Figure 31, where
ol the observed signal ¢LNP is plotted against the number of shots. The raw
tfﬁ observed peak signal is plotted as well as the observed peak adjusted by

‘ﬁfé variatifon in the discharge energy. The adjusted values appear more sensi-
j‘ﬁ‘ tive to the voltage-dependent adjustment parameter than the raw data are to
the actual voltage. This suggests the possibility of some sort of current
$§ saturation which results in the peak light output being relatively independent
#ﬁ* of voltage at settings near 25kV. There appeared to be a slight degradion in

i 1ight output during each test day and a possible degradion over the duration
of the data. This latter degradation could have been associated with varia-
tions in the fiber bundle positioning from day-to-day.

é.. Variation in the UYv light output, as indicated by ¢330, was larger, at
’_ | least within a given test day. This may be seen in Figure 32, which is a plot
(“yﬁ of the ratio of the 0330 to OLHP signals obtained with only helium in the
X ;ﬁ reactor. In the case of the 8/14 data, the first shot produced a low 0330 signal
gg:q which was restored after window cleanup and alignment check. Degradation of

- the UV signal during this day is tentatively assigned to window contamination
h associated with exposure of the system to c12. The lines drawn on Figure 31
;%ﬁ‘ were used to determine the factor by which the measured ®LWP should be
;§S§ multiplied to determine the appropriate 0330 I0 for each shot which was

. made with C1, in the reactor.
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FLASHLAMP ENERGY ABSORPTION BY C12
When the gas fill in the reactor contains Clz, part of the flashlamp energy
is absorbed and some of the c12 is dissociated. As the thermalization
described earlier proceeds, the pressure in the constant volume reactor
rises. In this section, the observations characterizing the absorption and
the pressure rise are presented and discussed. The results are presented
separately for the small and large flashlamp experiments because of the
differences in geometry and other experimental conditions. 1In both setups,
the absorption was observed via the ¢330 optical signal and the pressure
rise was observed using the quartz transducer.

Ultraviolet Absorption, Small Flashlamp System

As C12 is added to the cell, the in-band flashlamp intensity reaching the
detector decreases, as shown in Figure 33. When the cylindrical geometry of
the internally mounted flashlamp is analyzed according to Beer's law, it is
found that the ratio of the observed intensity with and without 612 present
should be given by the familiar exponential:

1(r) - ]0~cp2
I (r)
0
where
I(r) is the observed intensity at r with an absorber present
Io(r) is the observed intensity at r with no absorber present,
r is the radial position of the measurement,
€ is the extinction coefficient in 1/mol.cm,
Y p is the C1, concentration in mol1/1, and
A L is the radial distance from the lamp surface to the
e, measurement position in cm.
rd

When the data shown in Figure 33 are compared with the predictions of Beer's
law, the results are as shown in Figure 34. When the actual dimensions are
used in Beer's law, the agreement is only good to about 20-30% on c12 pressure.
If the absorption data are used to derive an average "effective" path length,
the agreement is quite good when this effective path length is then used in
Beer's law. This result, with the effective path length being smaller than
the actual path length, is consistent with light reaching the detector indi-
rectly, after having been reflected or scattered from the cell walls, Thus,

[} X
P
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Figure 34. Absorption by Cl, at 334 nm.
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§ Beer's law using the effective path length can be used to determine the
chlorine remaining in the cell after a run.

e
e
::k Ultraviolet Absorption, Large Flashlamp System
- For this setup, absorption at 334nm inside the cylindrical reactor mounted
}ﬁz adjacent to the flashlamp would be expected to follow Beer's law if the
_ii} incoming wavefront were collimated and uniform. Since a collimating lens was
;j; not used, strict adherence to Beer's law was not expected.
'
j}:: Data from the tests made with this system are plotted in Figure 35. Discre-
f;% pancies between observations and Beer's law approach a factor of two for the 5 ]
- and 10 torr experiment 3: i.e., if observed I/I0 and Beer's law is used to

‘ infer a C12 pressure, it will be close to double the CI2 pressure added to <
) the reactor according to the P3 pressure gauge. The origin of this discre-
’ kj pancy has not been identified and it is probably a combination of factors,
i‘; including gauge reading uncertainty and optical system geometry effects.
C
i;j Pressure Rise in Small Flashlamp System
e
'E%E A1l tests conducted with this system included SF6 in the reactor to prevent

arcing. Figure 36 shows a typical signal from the quartz transducer on two
time scales. The unexpanded pressure trace before and after the event is seen

: to carry a small oscillation with a period of about 17 ms. This apparently
i__ originated in the transducer/power unit system and was considered acceptable.
C)' After the firing, the pressure is seen to rise sharply and then decay back to
;:5 zero in about 300 ms. The decay is a compound phenomenon associated with
%ﬁ: actual pressure decay and the transducer characteristic decay time. Sharp
;£;§ oscillations with a period of about 5 ms are observed during the decay. When .
.A the time scale is expanded 64X, as in the second trace of Figure 36, oscilla-
iy tions with a period of about 1 ms are observed. When the time scale is
Lj? expanded by 400X, as in the second trace of Figure 37, oscillations with a i}
;if period of about 330 us are observed. All of these oscillations are believed
;ﬁ to be caused by acoustic phenomena associated with characteristic dimensions
;3:_ of the experimental apparatus.
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Figure 37 shows the optical signal, °LNP for reference, although is is

largely obscured by electrical noise on the pressure trace. This noise is
damped out by about 60 us. Since the noise has been damped out before the
first pressure wave begins to arrive at the transducer at about 250 us, it

was considered acceptable.

A series of tests was conducted in which a fixed amount of SF6 and a
variable amount of Cl2 was added to the reactor. After the flashlamp
discharge, the pressure in the cell was observed to rise rapidly and then
decay. The observed peak pressure values are shown in Table 5§ The peak
pressures were taken as the peaks of the oscillations shown in Figure 36 and

317.

The results from a series of tests with fixed SF6 and C]2 and variable

H_ are shown in Table 6. Results include the observed peak pressure ise

and the degree of c12 reaction, which was determined by firing the lamp a
second time after a peried of a minute or less. The observed ¢330 peak
signal was then used, together with the emperical fit shown earlier in Figure
33, to estimate the amount of of Cl2 remaining. As seen in Table 5, the

c12 reacted was rather low, varying from near 10% to near 50% for the condi-

tions shown. This is discussed further in the analysis section of the report.

Pressure Rise in Large Flashlamp System

Pressure rise signals obtained using the large flashlamp system were accom-
panied by stronger acoustic phenomena than had been observed with the 100J
system. This was because of the higher energy deposition density, smaller
reactor volume and location of the transducer with its diaphragm nearly flush
with the reactor wall. Thermal effects were also observed but were moderated
by covering the transducer diaphragm with a piece of adhesive-backed TFE
tape. Figure 38 shows the pressure trace obtained after correction for a
shifting baseline, with 620 torr of c12 in the reactor. The pressure rises
rapidly, then appears to follow a damped oscillation having a period of about
900 us. The Fourier transform of this pressure, shown in Figure 39, contains
not only a fundamental peak near 1100 Hz, but also several weak overtones.
The phenomena leading to the observed pressure rise waveform is believed to be
initially a travelling wave initiated when the ultraviolet light is deposited
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gsv into a thin slab of Cl2 near the window. This probably degrades into more
W of a standing wave later.

Table 7 displays the results of some acoustic calculations and shows that the

gaty observed 1100 Hz is in good agreement with expected acoustic transit times for
;i,j a travelling wave at 300 K. Closer examination of the waveform on an expanded
%f: time scale (Figure 40) shows some fine structure in the acoustic pulses. The
B first few oscillations are clearly separated into two peaks. The time inter-
:;a val between peaks 1 and 3 of 7.8 x 10-4 s should correspond to one round

X trip of a distance 2 & or 0.2 m. This leads to a velocity of sound of 256
15 ' m/s. Ignoring y variations, a temperature of 430 K can be derived from
gﬁh this. The time between peaks 1 and 2 is 140 us. The ratio of this time to

.. ]I 7.8 x 10—4 s is 0.179, in good agreement with the ratio of the distance
'?j between the transducer and the near window to the total reactor length, 0.190
h;? (ref. Fig. 11). This supports the idea of a traveling wave bouncing .etween
?}& the two windows. The time of arrival of the first peak after the light pulse
" supports a speed of sound near 280 m/s.

o
‘Eg A number of approaches was tried to estimate an effective pressure and
:3?‘ temperature for comparison with steady state analytical results. Figure 41

shows the observed AP vs. 612 pressure for the AP of the highest peak
'ui: and for the average AP taken between the peaks of the first and second

2 cycles (e.qg. average AP between peaks 1 and 3 of Figure 40). This latter

-
' 3
(]

v g
!

1.
>

{;: AP is believed to represent an effective or volumetrically average AP

:) shortly after the light pulse. Figure 41 also shows the temperature as

| :: derived from the speed of sound based on the time between the first and second
E&E peaks (e.g. peaks 1 and 3 in Figure 40) At = 1/f = 22/R. Variations in

: : Y were ignored in deriving the temperature from c.

R0 When H2 and 012 were introduced together into the reactor and the flash-

;;% lamp fired, the pressure rise was generally much higher than that observed

s with C12 alone. Figure 42 shows a typical result on two time scales. The

‘:5 fine structure observed with only C12 in the reactor is not as clear,

e probably because of detonation or deflagration phenomena occurring in the

ii_: reactor. The procedures just described were used to derive AP and AT from the
;" pressure traces. The results are shown graphically in Figures 43, 44, and 45.
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Figure 41. O0Observed pressure and temperature rise in Clz.
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Figure 43. 0Observed pressure rise in Cl2 + H2 based
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TABLE 7. Acoustic Frequencies (Calculated)

0t

o _ _c __c
o (IK) Yo, C-((J/RJ)’"’ f =2 f =200 + 8a/3m
&"’r "‘ HZ HZ
L
i
X ;:: 300 1.324 214 1070 954

11"‘\-‘

-!'_!

:;)' 1000 1.285 385 1925 1116

(a) Expected frequency for a traveling wave
(b) Resonant frequency for a cylindrical colume, where,

Py ¢ = speed of sound
o % = length

e a = radius

A

o
F
?:ﬁi FLASHLAMP ENERGY ABSORPTION BY ICI

T

L Whe IC1 was added to the photolysis reactor, results using the large flashlamp
A system were obtained which were quite similar to those obtained with C12.
| :: IC1 pressures from 4.5 torr tc 29 torr were added to the reactor. Optical

o

t{ti absorption data are shown in Figure 46. The I/Io values were determined as
SN the ratio of the optical signals with helium and with IC1 in the reactor. The
i 500 nm filter (ref. Figure 16) was used. Figure 46 includes the results of
'i?;: Beer's law calculations for wavelengths corresponding to the peak filter
o

:;ﬁ. transmission (N = 505 nm) and the half power points (A = 488 nm and \ =

- 5.24nm).
Pressure rise data were determined as described earlier and are plotted in
Py Figure 47. Corresponding C12 results are included for comparison.
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ANALYSIS AND INTERPRETATION

This section of the report includes results of analyses conducted to correlate
the experimental resuits with an understanding of the relevant physics and
chemistry. Analytical methods have included a variety of simple calculations
to estimate or interpret behavior for macroscopic observables. A detailed
kinetic model was also developed and the relevent coupled equations were
solved numerically using a Rocketdyne computer program.

NUMERICAL ANALYSIS

Computer Program Description

The computer program used for this study was derived from the Advanced Cavity
Code (ACC), which had been developed by Rocketdyne for chemical laser cavity
performance evaluations (Ref. 14, 15). The discussion and computations pre-
sented here apply to the small flashlamp, cylindrical geometry arrangement.
Modification to set up the geometry applicable to the large flashlamp experi-
ments would be straightforward.

Input to and output from the model are indicated in Table 8. The phenomena
which are modeled include absorption and photodissociation, two body, three
body, and wall reactions, thermal radiation, heat and mass transport within
the gas and heat transfer with the walls. Options include conducting or
insulating walls, and the addition of turbulence to enhance transport
phenomena, and specification of wall reflectivity.

For photodissociation, the energy transfer is considered to be unidirectional,
i.e., normal to the flashlamp surface and to be accompanied by photolytic
reactions. Photodissociation is treated as a two-step process. The first
step is the dissociation of molecules into atoms in which the photoenergy is
stored. The rate of dissociation is given by the rate of photoenergy absorbed
divided by the molecule energy for dissociation (i.e., photon energy). The
second step is the deactivation of the dissociated atoms to ground state.

This is a thermalizatior process by which the stored photoenergy is released
and heats the fluid. The local photoenergy flux is calculated by a rate

1
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!:e‘ ¢
e TABLE 8. MODEL OPERATION
e
el
:',c '
INPUT TO MODEL OUTPUT FROM MODEL
ek
ks J LAMP SPECTRUM, [ ¢ (x,t)dt/at -[x;] (t,r)
Y
4 LAMP TEMPORAL BEHAVIOR, [o( a,t) dA -P(t)
; 'T(t’r)
3;::.0
.. e THERMAL DATA “%all
e
}} .
e KINETIC RATE PACKAGE
Ve
®
108 SPECTROSCOPIC DATA PACKAGE
4.}:‘..‘
I—:.: REACTANT ABSORPTION COEFFICIENT
b PRODUCT ABSORPTION COEFFICIENT
-\._..%' INITIAL CONDITIONS: P, T, | Xi]
';35: GEOMETRY AND BOUNDARY CONDITIONS
¥y,
2
o
5'[ ,
A"""-( Where: ¢ = Photo flux
! T A = Wavelength
; " t = Time
{';.i: [X;] = Concentration of species i
::,,) = Pressure
‘I = Temperature
) qg = Heat flux




equation, which states that the rate of decrease in energy is equal to the

:. amount absorbed.

5

;? For thermal radiation, the energy transfer is random in direction and is not
" directly related to chemical reacitons. Thermal radiation in the gas, due to
§‘E the random nature, is governed by integro-differential equations. The method
35: of differential approximation is employed by which the equations are reduced
S;f to ordinary differential form. This method is equivalent to the Milne-

;”\ Eddington approximation commonly used in astrophysics. The radiative heat
N flux is due to emission minus absorption. The emission term is a strong
N function of temperature, while the absorption term is itself coupled to the
:F radiative heat flux.

;é& Kinetic Data Set

=

aﬁ) The numerical analysis program requires as input a chemical kinetic data

r'a package including species, reactions, and rates. The reaction rate set which
,%} was developed under this program is shown in Tables 9-11.

i%; Spectroscopic and Rediometric Data Set

b

;{3 Spectroscopic and radiometric data input to the RKM model comprises parameters
I&j describing flashlamp intensity as a function of wavelength and time, reactant
E%j extinction coefficients as a function of wavelength and temperature, and

i)' product extinction coefficients as a function of wavelength and temperature.
P

‘éﬁ The lamp spectral and temporal radiant output may be represented by ¢(\,t).
,SS Based on discussions with lamp vendors, the total radiant output was taken as
;,; ) 35% of the electrical energy input, which was measured:

\' 4 (N, t)dA\dt = 0.35x jl(t).V(t)dt. 2 0.35 x 1/2 ¢v2

,$3 where

b \ = wavelength

”r t = time

S I(t) = lamp current

¢: V(t) = lamp voltage

oo V. = charging voltage

'F € = capacitance
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TABLE 9.

RECOMBINATION RATES

.-:vxnxt.y----r'.r-.t‘m"w.v.'(".v.'r'_".'*.vv‘.d'.l.- R

" ko cnd/s RECOMMENDED VALUES
REACTION 0 |rcar/mo 300k | ‘atan®ss) | w eceeary § ness
CeCtonsciyen o clp|-5.04] 650107 320003 a8 | v
'™ 630078 s ® 0.2 |1,
n Hy rox10o®] 2501073 f-0.08) 144 | 22
10 2.5x10-30 2
1, 3.6x10°%0 23
» K 6.2x10°93] s.ax10%|0.88] 144 | 2
] 1.2x10°0] 1.7x10%9]-0.88| -1.44 2
nH 3.7x10-32] s.0x.0°31]-0.88] -1.4¢ | 22
n SFg 23202 e.5x10°3 ] 0.88] 1.4 | @7
I+T+MalpeN cig [ - 51.074 | 5.6x10-3 23
™ 6.4x10-33] 1.4x10°38] 0.8 -2.3  |9,20,2)
Hy 9.5x10°33
3] 2.5x10°%W 19
I 2.0x10°30f 5.5x10°26] 2,36} -2.31 | 19,20
HCY 3.2x10-33 3
3] 6.3x10°%2 23
H 1.9x10-32 23
LeCl oM+ 4P 5.6x10732 2
He 5.4x10°33 23
Hy 9.5x10°33 2
101 1.2x10°%0 23
1 1.8x10-30 23
4] 3.2x10°0 23
3] 6.4x10-32 2
u 1.9x107%2 2
HectsMancl+n  |n c1p| -103.086 | 4.0x10°32) s.ax10-26).2.0] 15 22
He 1.6x10°32| 1.8x10°%6] .20 | 1.5 22
L V.6x10-32) 1.8x10-26] 2.0 | 1.5 22
101 1.6x10°% 22
1p 1.6x10°% 4
L] 0.0210°2] 9.0x10°26] 2.0 | 1.5 22
» 8.0x10°32] 9.0x10°%] 2.0 ] 1.5 22
n " 8.0x10°3%2) 9.0x10-26] -2.0 | 1.5 22
n SFg L6x10-32| 1.8x10-26] .20 | 1.5 ]
HeleMeHI ¢+ N . 2.0x10-32 24,25
HeH eMaHyo M Q| -104.208 ) 7.6x10°3] 1.7x10-%] -0.95] 0.0 22
He 7.6x10°3} 1. /x10-% ] -0.95] 00 22
Ha 8.0x10-33] 2.6x10-3 | .0.61] 0.0 22
(4] 7.6x10-33] 1.7x10-39] .0.95] 0.0 22
H 1.5x10-3] 3.4x10-29} -0.95| 0.0
4] 7.6%x10-33] 1.7x10-% ] -0.95] 0.0 22
sFg 7.6x10°33| 1.7x10-% | -0.95| 0.0 2
B +CleMeCiOy ¢ M |n Clp LIx10- 3 Y
n He V.7x10-93 37
n M 1.7x10-9 Y
n HCl 1.7x10-33 iy
nH 1.7x10-1 7
n €l 1.7x10°33 37
n SFg 1.7x10°9 Y
OpeHeHeH ¢+ N [n C1p 562102 2.1x100% [ 0.0 |-058 | »
n He 1.8x10-32}6.7x10-33 ] 0.0 |-0.58 | 37
n Hy 1.8210°% | 6.7x10°33 [ 0.0 |-ns8 | 3
n HCY 56x1002[2.9x10°% 0.0 -0.58 | »
nH 1.8x10°3% |6.7x10-33 1 0.0 |-0.58 |
n Ct 1.8x10°% |6.7x10-33 [ 0.0 |-0.58 | 3
n SFg 5.6x10° 32 J2.1x10-% J 0.0 J-0.58 | 37

n » New Reaction or Modiffed Rate
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a‘.: TABLE 11. MOLECULAR REACTIONS
"n!t'o.
! {
Rt oH voond/s RECOMMENDED VALUES
L0 ’
49 REACTION v keal/molte|  300°K A(n¥/s) N E(kcal) | REFS
o T M
o €1+ Hy = HCH(Y) + H 0 e 12 x00 8.0 x 107 5.26 | 22,26
it B+ Cly = KCI(Y) + €1 1 -36.99% | 4.1 x 107" Dy xwo " foes | 252 | 22,2
\ - -
'.7 2 1.5 x 10712 a.0x 10" 22
D -
:% 3 1.4 x 10712 3.7 x 0"
:' ; 8 1.4 x 10713 3.8 x 10712
: ; 5 7.0 x 10714 1.9 x 10712
R 6 7.0 x 10718 1.9 x10 "
v v
. BSH{v) + HCT = KCT(v-1) + HC1 | 1-6 -8.25 [2.3x107% 1.3 x 10| 2.6 - 22
-
< HCT(v) + Hy = HCU(v-1) + W, 1-6 -8.25 | 5.3x 10 [1.6 x 10790 2.23 22
.’l.‘J
,S‘;‘_( HCT(v) + H = HCV(v') + H viev | -8.25|28x10M 8.3 x w0 0.65 22
e .~ - -
b HCY(v) + C1, = HCL(v-1) + €1, | 1-6 -8.25 | 7.5 x 10718 [8.3x10%] 2.0 22
bl
. HCT(v) + C1 = HCY(v') + OO Vi< v -8.250 [1.0x10°1 3.3 x 101 0.70 22
X HC1(v) + He = HC1(v-1) + He 1-6 -8.25 |49 x 10 [2.0x10%] 5.0 22
7N - -
o HOLWHED (vI=HCT(wh)HC (1) | lev'ew |5 - 290 [ 2.2 x 107 (va1)]6.6 x 1045, f 1.0 22
N -
:.‘C: C+101 =0y 1 - 7.569 |3.0x Io'w 2.15 27
NN .
o €l 1y 1C)+ 1 214126 [1.7 x 10710 3.0 x w0 TR PYIPY
H+ 101 = HOI(V) + 1 1 44561 4.4 x10772 2.2 0" 98 | 29.%
-, 2 5.4 x 10712 2.6 x 107!
. -’2 -12 -n
- 3 7.. x 10 3.6 x 10
OOR
s f‘ﬂ.,ﬁ 4 9.9x 107 fa8x107M
h -t
N/ 5 9.9 x 10712 s8¢0 "
RY:
D 6 8.4 x 10 IR
v 1]
v 7 4.0 x 102 1.9 x 107" ]
‘.
"-i‘_-: Help= HL+1 0 1.7x10°7% 17 %1070 30
L
e 1+ HE = HCH(v) o 1 | 1.2 x 0" 21 x108 lew 2.99 | -3
hth q
= 2 4.0 x 102
3
S 3 1.1 x 10
L 4 8.4 x 102 |
-‘-1_' y
AN Hoe HE = Hylv) ¢ 1 0 -32.863 [ 1.1 x 107'0 2.7x10°'2 jous 252 | 33
-3 €l v €10, + 01z ¢ 0 - n 1.56 x 10-10 1sex107t0 | - - 3
o ] ]
5y H v €10, + KC1(0) + O, - n 2.0 x 10710 20x100 | . - ¥
2 €1+ HO, - HCI(O) + O, - n 6.0 x 107 soxi0" | - - 3 :
S -n N
b H o KO, » Ky + 0, - n 1.3 x 10 e2x10 7 3
SO
SORY N = New Reaction or Modified Rate
o ‘
W
4
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N
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It was further assumed that the spectral and temporal dependences were
uncoupied and were given by normalizations of the lamp spectrum F(\) given

by Gonz and Newell (Ref. 16) and shown earlier in Figure 6 and of the temporal
behavior observed here as Osso(t) and shown earlier in e.qg. Figure 26.
Thus, ®(\,t) was represented as

o...(1)
CEN) 330
or
Ohan(t)
RN 330 1.2
= TRV * To,5 (Dt 0.35 x 5,Cv

Sample Calculations

The computer program provides graphical output in the form of parameter values
plotted against time. Ffigure 48, for example shows the pressure in units of
dynes/cm2 vs. time. Each major mark on the time base is 1 ms and the plot
runs to 10 ms. Figure 49 shows the C]2 concentration in mol fraction

plotted against the same time base. The data plotted refer to node 15 in the
computation, which is at the wall of the cylindrical reactor with the small
flashlamp on the cylinder axis. The computation was for a 100 J discharge in
207 torr SFb‘ 62 torr of Cl2 and 248 torr of Hz.

Correlation of Results

glz + SF6' Results from a series of tests with C\Z and SF6 in the small

flashlamp system were shown in Table 5. That test series represented a con-

._'.‘

r..'-
L

stant SF6 concentration with C\2 concentration being varied by up to a

factor of 20. When the experiments were modeled using the rates from lables

b x ,‘

s
] an s

9-11, the resul*s shown in Figure 50 were obtained. The computed peak pres-

N sure rise increases with C]2 concentration in excellent agreement with the
&,
N observed trend. A relatively constant offset of about 2 torr was observed,
,?il with the computed result being higher.
)

X

g12 + H2_1_§£6. Results from a series of tests with C]Z. H2. and
SF6 in the small flashlamp system were shown earlier in Table 6. Obtaining
compu-~ tational results in agreement with the Table 6 experimental results

s proved to be difficult. When the difficulties were recognized, it was decided
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;§<3 to try to anchor the model to the run with the largest observed pressure rise,
. 2§ 3711/85: 8/1. The difficulties lay in getting the H2 + CIZ chain reaction
S to terminate and in getting simultaneous agreement with the observed pressure

ny\
;x“ rise and C1, consumption. In order to try to improve the agreement, atom- ‘
2
, atom recombination rates with SF6 as the third body were varied. Other ‘
“Q relevant rates were considered too well known to justify changing them. In
: X the following paragraphs, attempts to improve agreement between experiment and
rleg theory are summarized. \
»,
"
’,@2 1. Establishing bounds on SF6 three body rate excursions was accomplished
i::; ’ by computing 3/11/85: 8/1 results with SF6 rates from 1 to 100 times
L)
o those in Table 9. All SF6 rates were multiplied by the same factor.
. At 100x the baseline rates, much less reaction occurred than had been
R ™ \
S -,

observed experimentally. At 10x, both the AP and the AC1, were in

coefficient was increased by about 100x and 1000x to bring the reactants

;’g& reasonable agreement with experiment in the 3 x 1073 to 5 x 1073

;;ﬁ‘ time regime. However, the reaction was continuing and clearly would go
:D: to near completion if the computation were continued. This revealed an
,(\ﬁ important aspect of the mode! which was confirmed in subsequent computa-
;#2{ tions: SF6 alone as a third body chain terminator could not account
f'\ for the experimentally observed AP and AC]2 endpoints.

?#5 2. Estimating the best choice for the SF6 three body recombination rates
‘rq: was accomplished by computing 3/11/85: 8/1 results with SF6 rates of
fﬁﬁ: 10x, 30x, 40x, and 50x those ianable 7. The best results (AP = 470
‘;)’ Torr, Ac12 = 0.53, at t = 6x10 s) were obtained at 40x. However,

iz? the reaction had not terminated and AP and AC]2 were still rising.

gt

&lﬁ . 3. Wall reactions, particularly wall-catalyzed recombination, could help to
‘?ﬂ terminate the chain. They were included at this point (along with the
f:' 40x SF6 rates) at an efficiency of 100%. A few percent reduction in
‘?:: AP and AC]2 was obtained at corresponding times but the chain was

{E; not terminated.

(s

1;;3 4. Some turbulent mixing was evidently occurring experimentally as evi-

g denced by acoustic phenomena in the cell. The laminar diffusion mixing
;;~‘ was enhanced in the model to simulate this phenomena. The diffusion

S 87
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to the catalytic wall more rapidly. Using this approach, with simul-
taneous variation in the SF6 rates, good agreement with AP and

ACl2 could not be obtained. Furthermore, the chain was not terminated
under those conditions which gave the best AP, AC]2 match to the

experimental data.

5. Two other phenomena which were examined were the H + SF6 reaction and
equilibrium thermal dissociation of 612. Neither of these effects
could account for the observed results.

6. Inclusion of 02, resulting from air inleakage, was found to provide
the needed chain termination. Figure 51 shows the sensitivity of
AC]2 and AP to 02 concentration for two different SF6 rate
sets, 02 concentrations in a reasonable range are shown to provide
agreement with the observed AP, AC]2 results for the test case,
when coupled with SF6 rates 10x-15x these in Table 9. More impor-
tantly, the computations showed termination of the chain at the values
plotted. Wall reactions and turbulent mixing were not included in these

runs.

Figure 52 shows the results of the model, with 0.04 torr of 02 and the 10x
SF6 rate set applied to the test cases of Table 6. The pressure rise is

computed to be somewhat lower than the experimental values except for the test
case 8/1. Ddeviation of the C12 consumption calculation from the experiments
is quite severe, except for the test case. At this point, it is believed that
the model contains all the features needed to correlate the data and that
optimization of the agreement with the data points shown in Figure 52 could be

accomplished through adjustment of the SF6 rates and the 02 partial
pressures (which were not necessarily the same for all the experiments).

Because of the lack of 02 partial pressure data and the expense of the
computations, this optimization was not attempted.

ANALYS1S OF RESULTS FROM LARGE FLASHLAMP SYSTEM

The observational results presented earlier are discussed and interpreted in
this section. Analytical methods involved application of basic spectroscopic,

88
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chemical and thermodynamic principles. The numerical model was not applied to
correlate results obtained with this system.

Enerqy Deposition and Release in Cl

2

Flux available from the lamp was modelled as dependent on 1/r where r is the
distance from the lamp centerline. It was assumed that 35% of the electrical
energy deposited was availabe as 1ight and was uniformly distributed over the
area of the lamp outer wall having a radius of 1.2 cm and a length of 100 cm.
The flux available at the reactor inlet window, 4.5 cm from the lamp center-
line, was thus taken as 1.1 J/cm2 for a 29uf, 25 kV discharge energy.

The energy receiving capacity of Clz in the reactor depends on the pressure-
path length product. 1If a 334 nm photon (peak of CIZ absorption) is
absorbed per molecule, the energy capacity in the 10 cm long cell depends on
the 612 pressure according to

E(J/cmz) = 57.4 x %%%%%El
This energy capacity of the 612 is plotted in Figure 53. When the fraction
of the lamp energy at each wavelength (from the assumed lamp spectrum) is
multiplied by the Cl2 absorption as a function of pressure and the product
is integrated over the wavelength range of the Clz absorption, the amount of
lamp flux which is absorbed is also shown in Figure 53. The ratio of the

energy absorbed and the energy capacity gives the fraction of the Cl2
absorbed, which is also plotted in Figure 53.

The energy absorbed by the c12 leads, after thermalization, to a temperature
rise. This can be estimated using the amount of energy absorbed and the heat
capacity, according to

£
AT = nC
v

where n = number of mo]s/cm2 and Cv is the heat capacity at constant

volume, which is 6.132 cal mol ' deg ' at 300K.
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Figure 53. Analysis for temperature rise in Clz.
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The AT estimate is also plotted in Figure 53. For comparison, observational
results presented earlier are also plotted on the figure. The AT results
shown earlier in Figure 41 are plotted directly. The AP results shown in
Figure 41 were used to derive a AT using

AP/P = AT/T

with T taken as 300K.

Considering the assumptions made in deriving the AT predictions in this
section, and the difficulties described earlier in obtain AP and AT values
from the data records, the agreement is quite satisfactory. The fact that the
different AT determination methods provide agreement with the prediction in
different pressure regions may provide further insight into the predictive and
data reduction methods but this has not been pursued.

Enerqy Deposition and Release in 012 + H2
The final temperature in this system is achieved through the thermalization of

the absorbed flashlamp radiation plus the chemical energy released by the exo-
thermic formation of HC1 from the elements.

a7 - Eabsorbed) + E(chemical)

[ ]
"mcilv,mer * “'Hzcv,n +n

c

Clz

v,Cl

2 2

where n'HZ and n'm2 represent any reactants which remain after the chain
reaction has been terminated. For the analysis presented here, complete
reaction is assumed. With the 10.3 torr and 20.7 torr partial pressures of
Clz for which CI2 + H2 tests were conducted, the absorbed energy,

discussed in the previous section, is about 10% of the chemical energy. This
percentage goes down as the CIZ pressure goes up, resulting in a slightly
lower predicted AT for the 20.7 torr than for the 10.3 torr cases. Figure

54 shows the calculated temperature rise plotted as a function of H2:Cl2
ratio. Experimentally determined results are included on the plot for
comparison. The experimental values are those determined using the average

pressure rise over the first two AP peaks and then employing AP/P = AT/1

+
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Figure 54. Analytical and experimental temperature rise in Clz + H
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to determine AT values. Agreement between the calculated and experimental
results are quite satisfactory at high HZ:CI2 ratios. As this ratio is
reduced, the reaction to form HC1 does not go to completion and the chemical
energy input is reduced, leading to a lTower observed AT. The temperature
rise calculations shown in Figure 54 were obtained using 2 or 3 iterations on
the specific heat. 1Initial AT values were calculated using cv'at 300K.

The calculations were repeated using a Cv value for an average (T
temperature. The procedure was repeated again if necessary.

FINAL + 300)/2
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CONCLUSIONS

The work reported here was conducted to obtain and demonstrate a basic under-
standing of the phenomena of energy deposition and release in halogens, mixed
halogens, and halogens plus fuel. The results are useful for evaluation of
space propulsion systems which derive all or part of their energy from solar
absorption. However, the scope of work did not include engineering or system
evaluations of such space propulsion systems. Therefore, the conclusions
presented here relate to basic phenomena rather than potential feasiblity of
applications.

The flash photolysis approach to evaluation of energy deposition
and release provides an easy and convenient way to screen
reactants and reactor operating conditions. Conditions which
provide high energy absorption and release can be quickly identi-
fied. Quantitative determination of the energy absorption and of
energy release contain uncertainties due to acoustic phenomena
and incomplete information regarding flashlamp output.

Experimental determination of energy deposition and release
provided self consistent data which was in satisfactory agreement
with analytical predictions and correlations.

Simple analysis based on spectroscopic and thermochemical princi-
ples can provide a satisfactory correlation of pressure and
temperature increase induced by absorption of radiation. However,
the analysis does not predict the degeee to which the chain
reaction goes to completion.

The Rocketdyne numerical analysis program, Radiation Kinetics
Mixing (RKM) provides good predictions of energy deposition and
release for halogen-only systems. For systems involving a chain
reaction, the role of impurities and diluents as chain termi-
nators can be explored. By modification of the chain termination
rates, the model appears to be capable of correctly predicting
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EE% the time evolution of properties in the photolysis reaction. The
:%f spatial evolution feature, applicable to a flowing reactor, was
Eﬁf not applied here. It is believed that the computations performed
o, are the most detailed to date.

The kinetic rate package, which was developed using direct
literature values and/or analogies, appears to be generally
satisfactory for the chemical reactions studied. Some
uncertainties remain regarding recombination rates involving
SF6 as a third body. The kinetic data set is believed to be
the most comprehensive and accurate available for the chemical
rations studied.

tEnergy deposition in Cl2 and in IC1 initially at room
temperature can lead to a temperature rise of up to nearly
1000K. This corresponds to nearly 10% of the halogen being
dissociated. Enchanced absorption coefficients at higher
temperature would increase the energy depositions but this
phenomenon has not been explored in this program.

Photoinitiated reaction of CI2 + H2 mixtures can lead to

temperature rises of a few thousand degrees K. As much as 10-15%
of the energy released can originate in absorption of radiation.

The photoinitiated reaction between Cl2 and H2 fails to go to
completion at low pressure without excess Hz' When diluents or

: : impurities are present, these terminate the chain. SF6 is

‘:f moderately effective as a chain terminated and 02 is extremely
i. effective. 1In the reactions observed here with SF6 diluent and
E;ff 02 impurity, the highest c12 utilization was only about 50%.
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RECOMMENDATIONS J

) :
%i) Based on the results and understanding developed in this program, it would

:;‘ appear logical and beneficial to pursue this general area of research and

;v' development. The recommendations presented here are of three general types.

‘13 The first type represents engineering analysis in order to assess the feasi- g

bility of space based solar propulsion systems employing the principles \

.41:’: 7 >

1 discussed here. The second type represents additional experimental and
f analytical research leading to improving the data base and understanding

"y relative to solar converions via gas phase absorption of solar radiation. The

iﬁ third type of recommendation deals with development of proof of principle .
;% solar reactors applicable to space propulsion. ‘
;;_ 1. Engineering analysis
‘53 It is recommended that a small design analysis study be conducted to

'3 configure and optimize space propulsion systems based on halogen gas phase
';: absorption of solar radiation. The study could begin immediately using \
S the results and understanding developed in the present program plus other [
‘:; open literature data. }
k; ?
Kt 2. Additional experiments and analysis.

ASE It is recommended that the experimental and analytical approaches

if' developed in the present program be applied to evaluation of some

E#T important aspects of solar radiation by halogens. Enchancement of the

( absorption through heating of the reactants and through use of mixed
:2‘ halogens should be explored. Improvements in the experimental approach

;f through improved characterization of the flashlamp output and measurement

foy of total energy absorption should be included.
e '
’l 3. Small scale reactor development.
iﬁ It is recommended that a small scale solar absorber be developed and :
jﬁ tested using terrestrial solar flux . The device should be of a flowing

{ﬁ gas closed loop design to allow some of the absorbed energy to provide
I: system heating, therby enhancing absorption coefficients. This heating
h . could also be simulated through electrical heating of a flowing open loop
::} device. Instrumentation would provide for controlled extraction and

measurement of the deposited energy.
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